Introduction
Cardiac fibrosis is the pathological process of abnormal collagen fibrous deposition in the interstitial cells of cardiac fibroblasts (CFs) caused by various damage factors. Cardiac fibrosis is an important risk factor and pathological basis for the development of heart failure and other heart diseases (1) . CFs are the main source of extracellular matrix in cardiac fibrosis. Therefore, inhibition of the activation and proliferation of CFs is the key to inhibit cardiac fibrosis (2, 3) . The activation of CFs is mainly manifested by the enhancement of cell proliferation and upregulation of type I collagen and a-SMA. Our previous studies have shown that DNA methyltransferase enzymes A (DNMT3A) can upregulate the signal transduction pathway and promote cardiac cell fibrosis by silencing the expression of Ras-association domain family 1 isoform A (RASSF1A) (4) (5) (6) . DNMT participates in the regulation of gene transcription and in gene inactivation, disease development, and other processes (7) (8) (9) .
MicroRNAs (miRNAs or miRs) are a class of small fragments of non-coded RNA that regulate the expression of target genes at the transcriptional level. Previous studies have shown that miR-29a can participate in pathophysiological processes, such as cell proliferation, apoptosis, canceration, and fibrosis, by regulating the target gene (10) (11) (12) (13) (14) . Reportedly, DNMT3A is one of the target genes of miR-29a, and miR-29a is essential in maintaining hematopoietic stem cells function and mediates its effects by modulating the activity of the epigenetic regulator DNMT3A (15) . However, it remains unclear whether miR-29a can affect cardiac fibrosis by regulating the expression of DNMT3A.
In the present study, we observed the expression changes of miR-29a and its potential target gene DNMT3A in CFs during cardiac fibrosis and explored the effect of their regulatory relationships on the process of cardiac fibrosis in SD rats.
Methods

Animal experiment
Sixty healthy adult male Sprague-Dawley (SD) rats (8 weeks old, 150-170 g) and healthy infant SD rats (5-7 days old, 20-22 g) were purchased from Animal Laboratory Center. The rats were placed in a comfortable and quiet room for 1 week before the initiation of the experimental procedure. The adult male SD rats were randomly divided into normal and cardiac fibrosis model groups; there were 30 rats in each group. The inducer 0.5% isoproterenol (ISO, 5 mg/kg.d) was subcutaneously injected into the rats in the model group once a day for 7 days to establish a cardiac fibrosis model. An equal dose of saline was administered to the control group once a day for 7 days. The rats were weighed after 12 h of fasting and water prohibition on the sixth experiment day. The rats were sacrificed after administering anesthesia, and cardiac specimens of the middle section of the middle left ventricle at 5 mm from the apex were taken and embedded with paraffin. The specimens were cut into continuous slice (5 μm), and rat serum was collected. Cardiac and left ventricular indices of each group were calculated. The pathological changes of the myocardium were observed by Hematoxylin-eosin (H&E) and Masson staining.
Extraction and culture of CFs from infant SD rats Infant SD rats were soaked in alcohol for sterilization, they were executed and the heart was removed under aseptic operation and rinsed two times with a pre-cooled phosphate buffer. The hearts were transferred to a 5-mL EP tube carefully and cut with the scissors; they were digested with a mixed enzyme solution (trypsin:collagenase I ratio, 2:1). The extracted cells were cultured in DMEM medium containing 10% fetal bovine serum, and adherent cells were identified as CFs using an inverted microscope and immunohistochemical methods. The medium was replaced for continuous cultivation and passage at 37°C with 5% CO 2 .
This study was audited and approved by the Animal Ethics Committee. All experimental procedures and animal care were performed under the guidance of the Ethics Committee in order to minimize the suffering of animals.
Transfection and drug treatment
The miR-29a mimics and control-siRNA were transfected into CFs. The cells were digested and made into a cell suspension (5×10 4 /mL). They were added into 6-well plates (2 mL/well) and cultured at 37°C with 5% CO 2 . They were used for transfection when cell fusion reached up to 30%-50%. The miR-29a mimics and control-siRNA were mixed with Lipofectamine TM 2000 according to the kit protocol, which were transfected into CFs and cultured at 37°C with 5% CO 2 for 24 h. At the same time, they were treated with DNMT3A inhibitor and PDGF-BB, respectively, in other 6-well plates, and the medium were changed to a medium with 2 μM 5-AzadC or 10 ng/mL PDGF-BB after culture overnight, the cells were cultured for 48 h continuously.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) The cells were harvested after transfection for 48 h, and they were washed with RNase-free PBS. Total RNA was extracted using an RNeasy Mini kit (cat. no. 74104; Qiagen China Co., Ltd., Shanghai, China) according to the manufacturer's protocol. RNA concentration and purity were detected using a Qubit Fluorometer (Thermo Fisher Scientific, Inc, Shanghai, China). A total of 1 μg RNA was subjected to reverse transcription using a GenePharma Hairpin-it TM miRNAs RT-PCR Quantitation Kit. qPCR was performed using ABI Step One Real-time PCR (ABI Inc., Illinois, USA), and the primers used are presented in Table 1 . The quantification method used was the 2-ΔΔCq method as described previously. The β-actin gene was used as an internal control. The thermocycling conditions were as follows: pre-degeneration at 95°C for 10 min, followed by 40 cycles of degeneration at 95°C for 12 s, annealing at 60°C for 20 s, and extension at 72°C for 30 s.
Immunohistochemical test
The 5-μm cardiac tissue slices were incubated with 0.3% endogenous peroxidase blocking solution for 20 min after dewaxing and hydration, then they were incubated with 3% hydrogen peroxide solution at room temperature for 10 min. The slices were washed with PBS three times (3 min/time). Antigen retrieval was performed using citrate buffer (pH 6.0) at 121°C for 2 min. The cells were incubated with primary monoclonal antibodies (1:100 antiCollA1, 1:200 anti-DNMT3A, and 1:100 anti-a-SMA) at 4°C overnight after blocking with 5% BSA for 2 h at room temperature. The cells were then sequentially incubated with rabbit anti-mouse and goat anti-rabbit non-biotinylated regents (Zhongshanjinqiao, Beijing, China) according to the manufacturer's instructions, and they were observed under a microscope and analyzed with a photo and image auto analysis system (Image-Pro Plus, China).
Western blotting test
Total protein was extracted from the cells after they were transfected for 48 h. The transfected cells were lysed with radioimmunoprecipitation assay lysis buffer (PBS containing 1% NP40, 0.1% SDS, 5 mM EDTA, 0.5% sodium deoxycholate, 1 mM sodium orthovanadate, and protease inhibitors) on ice for 30 min with shaking at 12,000 rpm/min. Total proteins were isolated, and the concentration was determined using a BCA Kit. Proteins (40 μg/lane) were separated using 10% SDS-PAGE electrophoresis. Then, the gel was electrotransferred to a PVDF membrane. The PVDF membrane was rinsed with TBS for 10-15 min, placed in TBS/T blocking buffer containing 5% (w/v) skimmed milk powder, and shaken at room temperature for 1 h. The membrane was incubated at 4°C overnight after adding primary antibodies. Then, the membrane was washed with TBST three times (5 min each time). The membrane was incubated at 37°C for 1 h with IgG-HRP secondary antibody (1:10000). The membrane was developed with ECL (Perkin-Elmer Inc.) for 5 min. The protein bands were quantified as a ratio to β-actin using Imagequant LAS4000 (GE Healthcare China).
Detection of CF proliferation by MTT colorimetric method
The cells after transfection for 48 h were seeded onto four 96-well plates. Each group of cells was provided with five repeated wells, each of which was inoculated with 1×10 4 cells/well. The plates were cultivated at 37°C with 5% CO 2 for 2 days after inoculation, one plate was taken out. In total, 50 μL of 1×MTT (5 mg/mL) was added in each sample well at 12, 24, and 48 h, and the cells were incubated for an additional 4 h at 37°C. Of note, 150 μL DMSO was added in each sample well after the culture medium was discarded. The optical density of each sample hole was measured using a microplate reader at 490 nm after shaking for 10 min. The negative control group only contained medium. The experiment was repeated three times.
ELISA test
The concentrations of PICP, PIIINP, and PDGF-BB in serum were detected using PICP ELISA (R&D Systems, USA), PIIINP ELISA (Uscn Life Science Inc., Wuhan, China), and PDGF-BB ELI-SA kits (R&D Systems, USA), respectively. The measurements were performed according to the kit manual. OD450 values were detected using a microplate reader (Thermo Fisher, USA).
Luciferase activity assay
The 3′-UTR region of the DNMT3a gene was amplified by PCR and inserted into a pGL3 vector (Promega Corporation, Madison, WI, USA). A pGL3 construct containing DNMT3a 3′-UTR with point mutations in the seed sequence was synthesized using 30 reactions of the Quik-Change Lightning Site-Directed Mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA, USA) according to the manufacturer's protocol. HEK293 cells and rats CFs were cultured in 24-well plates, and the cells (2×10 . The luciferase activity levels were detected using a dual luciferase reporter assay system (Promega Corporation). Relative luciferase activity levels were normalized to Renilla luciferase activity levels, which served as an internal control.
Statistical analysis
All analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, USA). Normality testing of data was performed using the Shapiro-Wilk test. The quantitative data of normal distribution were expressed as x±s. The differences among the groups were analyzed by one-way analysis of variance or Student's t-test. Pairwise comparison of multiple groups was performed using Dunnett's t-test. The quantitative data of skewed distribution among groups were compared using a nonparametric test. When the difference between groups was statistically significant, pairwise comparisons, which were performed by the nonparametric test, were performed in multiple groups. P values <0.05 were considered statistically significant.
Results
Biochemical indices and pathological changes of myocardium in rats H&E and Mason staining results showed that myocardial collagen deposition occurs in myocardial tissues (Fig. 1a) . ELISA results showed that PDGF-BB (45.36±12.5 vs. 21.57±7.14, p<0.001), PICP (194.52±48.63 vs. 112.74±31.56, p<0.001), and PIIINP (128.63±38.64 vs. 81.55±24.68, p<0.001) concentrations were significantly higher in ISO-treated rats than in normal control rats, which suggests that myocarditis and injury exists in rats in the model group (Fig. 1b, Table 2 ).
The expression of DNMT3A is upregulated and the expression of miR-29a is downregulated in myocardial tissues with activated CFs.
Immunohistochemistry results showed that the protein expression levels of CollA1, α-SMA, and DNMT3A in the model group were higher than those in the control group (Fig. 2a) . RT-PCR results showed that the mRNA expression levels of CollA1, α-SMA, and DNMT3A increased, whereas the mRNA expression level of miR-29a decreased in the model group (Fig. 2b, Table 3 ). Western blotting results also showed that the protein expression levels of CollA1, α-SMA, and DNMT3A in the model group were higher than those in the control group (Fig. 2c and 2d, Table 4 ). TargetScan was used to identify the potential targets of miR29a. An important enzyme in DNA methylation, DNMT3a, was identified as one of the potential targets of miR-29a. The predicted binding site of miR-29a with the DNMT3a 3′-UTR is shown in Figure 3a . To examine miR-29a-DNMT3a interactions, DNMT3a complementary sites, with or without mutations, were cloned into the 3′-UTR of the firefly luciferase gene and co-transfected with miR-29a mimics or a negative control in HEK293 cells and rat CFs. The presence of miR-29a led to a significant reduction in the relative luciferase activity levels in the wild-type construct of the DNMT3a 3′-UTR in HEK293 cells (Fig. 3b) and rat CFs (Fig. 3c) .
miR-29a can inhibit the proliferation of activated rat CFs and downregulate the expression of fibrosis-related indices After PDGF-BB treatment, the proliferation of rat CFs was enhanced and the expression levels of DNMT3A, CollA1, and α-SMA increased. The transfection of miR-29a can inhibit the proliferation of CFs and the expression of DNMT3A, CollA1 and α-SMA, the effects of which were the same as that of DNMT3A inhibitors ( Fig. 4 ; Tables 5, 6, and 7).
Discussion
It is thought that cardiac fibrosis is associated with arrhythmia (particularly atrial fibrillation), cardiac insufficiency, and myocardial hypertrophy, among others (16) . Exploring the pathogenesis of these diseases and determining effective treatment are important to prevent and suppress the development of cardiac fibrosis. The activation and proliferation of CFs and the related phenotypic transformations are important in the formation of cardiac fibrosis (2) . CFs activate and proliferate due to various pathogenic factors, and the synthesis and secretion of extracellular matrix are increased, which lead to the deposition of extracellular matrix, such as α-SMA and collagen I, further promoting fibrosis (17) .
Previous studies have found that DNA methylation is involved in the development of cardiac fibrosis. DNMT3A is a DNA methylation catalytic enzyme, and it plays an important role in the fibrosis process (18) . The upregulated expression of DN-MT3A leads to excessive methylation of the genome of CFs, and TGF-β can promote the methylation of related DNA fragments in cardiac fibrosis and the differentiation of fibrous cells into fibroblasts as well as collagen deposition (19, 20) . In addition, it was found that miR-29a is involved in the negative regulation of cardiac fibrosis (21) (22) (23) . In the present study, we found that the expression level of miR-29a decreased and the expression levels of DNMT3A, CollA1, and α-SMA increased in an SD rat model of cardiac fibrosis. At the cellular level, we found that miR-29a can directly act on the 3′-UTR of DNMT3A to inhibit the expression of DNMT3A. The transfection of miR-29a into rat CFs activated by PDGF-BB can inhibit their proliferation ability and the expression of DNMT3A, CollA1 and α-SMA in the cells. This suggests that miR-29a directly acts on the 3′-UTR of DNMT3A to inhibit cardiac fibrosis. In another study, it was found that the overexpression of miR-29a attenuates the ANG-induced upregulation of Sp1 levels and collagen in cardiac myofibroblasts, and miR-29a could abrogate cardiac fibrosis through the suppression of profibrogenic transcription factor Sp1 (24) . In contrast, other studies have suggested that the inhibition of miR-29a is effective in improving ventricular remodeling and hypertrophy caused by pressure overload, and the miR-29a antagomir reduces pressure over load-induced cardiac fibrosis in mice (25, 26) . miRNAs are a class of small, single-stranded RNAs with 18-24 nucleotides; they are widely found in eukaryotes, with high conservatism, scheduling, and tissue specificity. They can regulate gene expression by inhibiting transcription or cutting the target gene RNA. A previous study showed that the expression level of miR-29a decreases in many types of tumors, the upregulation of miR-29a can inhibit the proliferation of tumor cells, and it has the role of a tumor suppressor gene (24) . miR-29a has also been associated with fibrosis of various organs (21) (22) (23) . In the present study, we confirmed that miR-29a is also associated with cardiac fibrosis and may be a target for controlling cardiac fibrosis.
Genomic stability is mainly regulated by genetic and epigenetic mechanisms. Promoter methylation mediated by DNMT is the main cause of gene inactivation. In the present study, we found that the expression level of DNMT in the myocardium of rats with fibrosis increases, whereas the expression of miR-29a, which can inhibit DNMT expression, significantly decreases. Our previous study had shown that DNMT3A can increase the expression of RASSF1A and activate the Ras/ERK1/2 signaling pathway (4). In the present study, the expression level of RASSF1A and ERK1/2 in activated CFs after the transfection of miR-29a was significantly decreased. This suggests that miR-29a inhibits the Ras/ERK1/2 signaling pathway in CFs by silencing DNMT3A, thus inhibiting the activation and proliferation of CFs.
Conclusion
In conclusion, we found that miR-29a can control the activation of myocardial cells and decrease the level of cardiac fibrosis by the downregulation of DNMT3A expression and inhibition of the Ras/ERK1/2 signaling pathway. DNMT3A may be an epigenetic treatment target for cardiac fibrosis. 
